The maximum amount of repulsive force applied to the surface plays a very important role in damage of tip or sample in Atomic Force Microscopy(AFM). So far, many investigations have focused on peak repulsive forces in tapping mode AFM in steady state conditions. However, it is known that AFM could be more damaging in transient conditions. In high-speed scanning, and in presence of 3D nano structures (such as FinFET), the changes in topography appear in time intervals shorter than the response time of the cantilever. In this case, the tip may crush into the sample by exerting much higher forces than for the same cantilever-sample distance in steady state situations. In this study the effects of steep upward steps in topography on the tip-sample interactions have been investigated, and it has been found that the order(s) of magnitude higher forces can be applied. The information on the worst case scenario obtained by this method can be used for selection of operation parameters and probe design to minimize damage in high-speed imaging. The numerically obtained results have been verified with the previous works in steady state regime. Based on this investigation the maximum safe scanning speed has been obtained for a case study.
INTRODUCTION
Atomic Force Microscopy has already been suggested as one of the promising technologies for metrology and inspection of nanostructures for future semiconductor technologies. However, generally scanning probe technologies suffer from lack of speed and throughput for these applications. Thus fast and parallel operation is suggested to meet the requirements of industry.
1, 2 However, one of the important concerns in high-speed operation is that the probability of damaging the tip or the sample increases as the scanning speed increases. The principle of atomic force microscopy is based on (exerting and) measuring interaction forces between sample surface and tip. Yet, depending on mechanical properties of the tip and the sample surface, excessive interaction forces can result in either tip wear, fracture or sample damage (hereafter shortly referred to as damage). Since the image quality is highly affected by the sharpness of the tip, the useful lifetime of the tip is limited by wear. Moreover, damage induces difficulties and unreliability in imaging soft samples.
3, 4
In general, damage at nanoscale can be attributed to different mechanisms such as fracture, plastic deformation or even chemical processes. 5 Yet, all these processes can be considered primarily dependent on the stress in the contact region which is directly related to the applied force.
5-8
The tip-sample forces in AFM mainly depend on the operation mode, e.g., while non-contact AFM works with weak attractive forces, contact mode AFM exerts strong repulsive and lateral forces. Among different operation modes, the tapping mode is probably the most used one, due to its high-speed, stability and reduced damage. It has been devised to avoid constant contact and shear between tip and sample, and consequently, reduce the damage. However, even in tapping mode,there exist the risk of damage for imaging soft samples (e.g. biological samples) or in high-speed scanning. To control the damage, the probe, imaging parameters, and scanning speed should be selected according to sample properties. 7, 9 Moreover, in high-speed operation, abrupt changes in topography which occur within time intervals shorter than the response time of the cantilever increase the probability of damage. Especially in presence of steep steps (3D structures) in topography, of applied forces are much higher than what is foreseen for steady state condition. One damage criterion in AFM is to compare the stresses in the contact area with the maximum allowable stress of the tip/sample material. 4 Using the maximum repulsive force in each cycle and considering a contact mechanics model for the tip sample interaction, (e.g., Hertz, Tatara, Sneddon model or a Finite element model [10] [11] [12] ) the maximum equivalent stress in the contact region can be estimated. This approach simplifies the nanoscale damage problem to calculation of the peak repulsive forces from the dynamics of the cantilever. Unfortunately, the interaction forces in tapping mode are not directly accessible from measurements. 13 For that reason, numerous analytic and numerical studies investigated the peak repulsive force in tapping mode AFM. For example, Guzman et al.
14 numerically analyzed peak repulsive forces in an immersed AFM and studied differences between Tataras and Hertzian models for contact and also effects of material properties, e.g., viscoelasticity and fluid damping on peak repulsive force. As an example of analytical approaches, Wang 15 used the Krylov-Bogolubov-Mitropolsky asymptotic method to solve for nonlinear dynamic motion of a cantilever under the influence of tip-sample interactions. Based on Wang's approach, Hu and Raman 13 extracted an analytic solution for repulsive and attractive peak forces using periodic averaging method. Based on the analytic formulas presented by Hu and Raman, 13 and considering the maximum stress criteria, Vahdat et al. 7 introduced a method for selecting the imaging parameters. The aforementioned studies provide comprehensive and practically applicable information on tip-sample interactions in steady state conditions. The steady-state assumption, which is a very fundamental assumption in previous studies, can introduce large errors when considering transient conditions. In literature, it is often assumed that the cantilever is vibrating with a certain amplitude while engaged to the surface. It is also assumed that only the first mode of the cantilever is excited and the other modes are completely neglected.
11, 13 For example, periodic averaging method consider linear vibration of the cantilever with a nonlinear deviation in the order of epsilon O( ), that can change the amplitude and phase, while the motion remains harmonic. In this condition the amplitude is settled to the set point or the variations in amplitude and phase are so small and slow that their first derivative is assumed to be zero. 13, 16 However, it is well known that failure usually occurs while engaging the surface or in fast scanning conditions where the system is in a transient situation. This is specially true in situations in which the controller error is nonzero as well as the cantilever is not settled to a certain amplitude. One example that causes the transient motion of the cantilever, happens when the probe suddenly encounters an upward change in topography (e.g., see Fig. 1 ). In that case not only the amplitude is not constant, but also the averaging methods are not applicable anymore. Moreover, it will be experimentally and theoretically shown in this paper that the one degree of freedom (1-DOF) oscillator model for the cantilever (which is the other limiting assumption in most literature 17 ) fails to represent the transient behavior of the cantilever.
Based on the requirements of semiconductor industry and demand for high-speed AFM a thorough theory is needed to investigate and control the damage, considering the transient conditions. In order to address transient behavior of cantilever, this paper investigates the tip-sample interactions when a sudden change in topography appears. This study can cover the effects of very high-speed scanning to estimate the scanning speed limit from damaging point of view. The present paper is organized as following: the next section presents a dynamic model of the cantilever using Derjaguin-Muller-Toporov(DMT) tip-sample interaction model 11 and compares the peak repulsive force in the steady state regime with the analytic formula as presented by Hu and Raman.
13 Section III presents a numerical investigation of steep upward changes in topography. Section IV contains a case study where the maximum scanning speed has been found for tapping mode imaging of a FinFET structure. The conclusions are presented in the last section.
STEADY STATE ANALYSIS
In Tapping mode AFM, the cantilever is excited with a frequency (ω) closed to its fundamental resonance frequency (ω n ) using a dithering piezo actuator while it is in the air and is brought close to the sample surface using a z positioning actuator. Due to the Tip-sample interactions the vibration amplitude of the cantilever reduces from the free air amplitude (A i ) by a factor A r (so-called amplitude ratio) to an engaged amplitude 
The role of the controller is to keep the amplitude ratio constant by adjusting the position of cantilever or the surface with respect to each other while scanning in x-y direction. For steady state conditions of a rectangular cantilever in air(or vacuum), the motion of a cantilever can be approximated using a lumped one DOF mass spring model which is excited around its fundamental resonance frequency. Considering Hertz's model for contact area and attractive van der Waals (vdW) forces (that resemble the DMT model 18 ) and an equivalent dither piezo excitation force (F 0 ), the governing equation for dynamic motion of the tip can be expressed as:
where x represents the displacement of the tip, k, c, m, R and η a are spring constant, damping ratio, effective mass of cantilever, tip radius and Hamaker constant, respectively. The distance between un-deflected position of tip and sample surface is defined as g 0 . The indentation between sample and the tip is defined as δ = (a 0 +x−g 0 )H(a 0 +x−g 0 ) in which a 0 is the atomic separation distance where the Heaviside function (H(a 0 +x−g 0 )) is used to indicate that indentation is zero when the tip is not in contact with the sample. The effective stiffness of the surface, E ef f is given as
Es , where E and ν are young's modulus and poisson's ratio and subscript t and s refer to tip and sample respectively.
11
Eq(1) was solved using a 4 th order Rung-Kutta integration scheme. Fig. 2 shows the tip position in time domain and accompanying tip-sample force for a cantilever which properties are demonstrated in the caption.
To verify the numerical method, we compare the results with the analytic solution of Hu and Raman.
13 They presented an equation showing the peak repulsive force for different amplitude ratios. Although the amplitude and free air amplitude do not explicitly appear in Eq(1), we can obtain the forces in terms of amplitude ratio by running the simulation for different amplitudes and amplitude ratios. Fig. 3 shows peak repulsive force in contact considering different tip radii.
As can be seen from Fig. 3 , the numerical results show a similar trend as the analytic results. The biggest discrepancy occurs when the tip radius is high and the amplitude is low. The reason for the discrepancies is that the analytic expression for peak repulsive forces as presented by Hu and Raman 13 is obtained considering only repulsive forces (i.e. ignoring the attractive vdW forces). Ignoring the vdW forces leads the overall forces to be underestimated and snap-in phenomenon to be ignored. The snap-in phenomenon happens while the amplitude is excessively low and the radius of the tip is notably large, causing the vdW forces to become more dominant. At a certain amplitude the restoring elastic force of the cantilever can not overcome the vdW forces. This causes the tip to snap to the surface and stick there.
TRANSIENT SITUATIONS
There can be different sources that can cause transient situation in AFM. However, it is not practically possible to investigate all their effects on the applied force. In this section a steep upward step in topography is used to show the effect. Experimental results in this section suggest that, the one DOF model for the cantilever is not sufficient for modeling the cantilever in transient conditions and numerical results show that, transient conditions can be an order of magnitude more damaging.
One DOF Assumption
As it is mentioned above, the one DOF assumption only holds for single frequency Amplitude Modulation (Am) mode imaging with normal probes in air, for example it does not hold for special harmonic probes, 19 or for multi-modal AFM, 20 neither for the transient condition.
In order to experimentally demonstrate this fact, a commercially available rectangular cantilever (MP-P22120 Bruker) is utilized to image a flat silicon surface while the controller gains are deliberately chosen to be unstable so that the amplitude is not settled. Fig. 4 shows the frequency spectrum of motion of the cantilever. it demonstrates that higher modes of cantilever are excited considerably due to fluctuations of amplitude. It can be concluded that one DOF oscillator assumption for the cantilever results in a large error.
Sudden Changes in Topography
During the coarse approach of probe towards sample or while scanning fast, the tip can hit the surface much faster than in steady state conditions. Thus, it applies a much higher repulsive force on the surface. The applied force in transient situation is very challenging to measure, because of two reasons. First, the forces in tapping mode are not directly accessible via experiments and second, it happens in a very short interval of time. On the other hand, it can not be calculated with present analytic techniques, because it is not steady. Tip Position Topography Figure 5 . Demonstration of sudden change in topography for a cantilever with spring constant of 5 N m −1 Q factor 50 tip radius of 10 nm free Air amplitude of 50 nm resonance and working frequency of 100 kHz. it has been assumed that suddenly a 2 nm (4% of initial amplitude) step appears in front of tip.
It thus violates the periodicity and one DOF oscillator assumption. However, the numerical solution of the full nonlinear partial differential equation governing the cantilever motion can demonstrate the phenomenon. Fig. 5 shows the interaction forces and non-dimensional tip position with respect to time that is found by numerically solving the partial differential equation of the cantilever considering DMT model. Note that for the sake of clear demonstration, ideally high amount of damping (Q=50) is considered to eliminate the ambiguous fluctuations. As can be seen from Fig. 5 , order(s) of magnitude higher forces can be applied in unsteady situations, making it very important to investigate the phenomenon. However, it is not always easy to solve the full nonlinear PDE numerically and for every different situations. Here we present a closed form solution based on energy conservation law at the goal of finding the amount of maximum force in terms of size of the steep upward step, amplitude, frequency, spring constant, etc.
CASE STUDY
One situation that a sudden upward step can appear in front of tip, is in high-speed inspection or imaging of Fin Field Effective Transistors (FinFET) in semiconductor industries. They consist of a thin silicon fin (as source, conducting channel and drain), wrapped with the gate electrode that show better performance as transistors. Depending on the scanning speed this structures can cause a sudden step effect for the tip. Here we consider the effect of scanning velocity in worst case scenario from damaging point of view. Consider that the tip is approaching the nano structure with a lateral velocity of v while its is vibrating in tapping mode with an amplitude of A, frequency ω and free air amplitude A i , then the conical part of the tip will engage the corner of the nano-structure. Then the effective size of sudden step in topography in worst case scenario can be calculated as h = v 2π ω cot(α), where α is the angle of the tip. As a case study we consider the operation parameters and probe characteristics as indicated in Table 1 . and we seek for the scanning velocity limit using presented method.
Considering different step heights for the sudden change effects Fig. 6 shows the forces in time domain simulated for the parameters mentioned in Table1. For this specific case study, fitting the maximum amount of Peak repulsive forces with respect to step height, the maximum safe scanning velocity can be found as a function of allowable force as:
where F M is the maximum allowable force in nano Newton, ω 2π is the working frequency in Hz and the resultant velocity would be in nm s −1 . In order to calculate the maximum allowable force the present case study, a finite element model (Comsol 4.4) was used. Fig. 7 shows the von Mises stress in contact area for this case study. Here the conical part of the tip is in contact with the corner of the FinFet structure. Using a parametric sweep in the finite element model presented in Fig. 7 the amount of maximum von Mises stress can be found in terms of applied repulsive force (Fig. 8) .
As a damage criterion it would be relevant to compare the maximum stress in contact area with maximum allowable stress for the material. With this assumption the maximum permissible stress for the material is related to the hardness of the material. For example the maximum permissible contact stress for silicon and silicon-nitride are about 6 GPa and 12 GPa respectively. 4 In this case study we assumed that both the tip and sample are made from silicon. Thus, considering Fig. 8 it can be concluded that the maximum permissible peak repulsive force for this geometries is about 40 nN.
So according to the finite element model for this specific case study the forces bigger than 40 nN would cause damaging stresses in contact area. On the other hand according to Eq(2) that is a fitting result of dynamics of beam, the maximum safe scanning velocity can be calculated as 160 µm s −1 Note that the Eq(2) is valid only for specified parameters in Table1. and generalizing the results is a remaining challenge.
CONCLUSION
In this paper the tip-sample forces were calculated with and without considering the sudden changes in topography. It was shown that presence of steep upward steps in topography can significantly increase the applied forces. The numerical results were compared with analytic methods from literature and their validity was verified. Then contact forces and stresses calculated for sudden changes in topography, used together with a finite element model for finding the scanning speed limit from damaging point of view. 
